Abstract: Civil infrastructure in the foothills of the Rocky Mountains faces a unique geological hazard arising from underlying beds of steeply dipping expansive bedrock. Efforts to mitigate damaging differential movements that commonly occur among adjacent bedrock strata near the surface typically involve overexcavation and recompaction of the in situ materials as engineered fill. This paper examines the practice by quantifying the swelling-related properties of two dissimilar bedrock end members obtained from a site near Denver, Colo. where overexcavation is warranted. Atterberg limits, compaction, suction, and volume change ͑shrinkage͒ tests are conducted for each end member and several mixtures prepared to represent the wide range of subsurface conditions expected in the region. The objective is to examine the extent to which properties of the remolded fill may be predicted from the properties and relative amounts of the end member materials comprising it. Linear relationships are found between end member mass fraction and each of the properties measured ͓liquid limit, plasticity limit, plasticity index, w opt , ͑ d ͒ max , ⌬ t / ⌬w, and C h ͔, thus providing a quantitative basis for simplifying the design of future overexcavation programs. Optimum moisture content occurs at 90% saturation regardless of bentonite mass fraction. Suction compression index ͑C h ͒ for compacted specimens is found insensitive to molding water content.
Introduction
Steeply dipping bedrock is a geological hazard common along the Rocky Mountain Front Range piedmont where uplifted sedimentary formations containing thin layers of moderate to highly expansive shale are encountered near the ground surface ͑e.g., Simpson and Hart 1980; Gipson 1988; Noe and Dodson 1995; Noe 1997͒ . Problematic formations in the region, most notably the Pierre Shale, are characterized by relatively thin ͑2-30 cm͒ and near vertically oriented beds that can exhibit remarkably dissimilar swelling characteristics from one particular bed to the next. Because of the steeply dipping orientation of the bedding, the relatively shallow depth at which the beds are commonly encountered, and the fact that swelling potential may vary considerably between adjacent beds, severely differential heave is often apparent at the ground surface over relatively small areas or horizontal distances. Where civil infrastructure, such as roads, utilities, and light residential or commercial structures, overlie multiple beds, damage from the localized differential movements can be significant ͑e.g., Thompson 1992; Gill et al. 1996; Noe 2003͒. Costs incurred from steeply dipping bedrock hazards have totaled tens of millions of dollars in the foothills west and southwest of Denver since widespread suburban development began in the mid 1970s ͑Noe 1997͒. Despite the hazards, however, population growth in the Colorado piedmont region and the associated infrastructure development remain among the most rapidly expanding in the nation ͑U.S. Bureau of the Census 2002, Douglas County, Colo.͒. Developing engineering practices and policies for mitigating steeply dipping expansive bedrock has been the focus of intensive research and planning efforts for the past two decades.
This paper assesses the general effectiveness of a common mitigation practice whereby steeply dipping beds encountered near the ground surface are overexcavated, remolded, and recompacted on site as engineered fill. A laboratory testing program has been conducted to evaluate the swelling-related properties of two dissimilar shale materials obtained from adjacent beds at a steeply dipping bedrock exposure in Jefferson County, Colo. ͑Likos et al. 2004͒ . Mixtures of the two end members were prepared in various mass-controlled ratios and tested for Atterberg limits, densitywater content relationships ͑Proctor compaction͒, total suctionwater content relationships, and total suction-volume change relationships. The laboratory program is intended to simulate field overexcavation programs for the wide range of subsurface conditions ͑end member ratios͒ expected in similar formations found throughout the region. The practical objective of the work has been to assess whether or not the index, compaction, suction, and swelling behavior of the remolded mixtures can be predicted from the behavior and relative amount of the end member materials comprising them, thus providing a rational quantitative basis for the design of site exploration and mitigation programs in the future. The results also provide insight into the fundamental behavior of expansive soil in terms of suction, compaction, and volume change and the corresponding relationships between soil composition and its corresponding engineering behavior.
Background

Steeply Dipping Bedrock
Sedimentary bedrock formations underlying the Rocky Mountain Front Range piedmont region near Denver have been uplifted by the adjacent mountains to dip angles ranging from 30 to 90°or more from horizontal. Within these steeply dipping formations, thin and highly expansive bentonite beds derived from volcanic ash-fall events are often encountered at or near the ground surface among adjacent beds of relatively nonexpansive shale. Fig. 1 , for example, is a photograph showing the exposed edge of a steeply dipping, highly expansive bentonite bed sandwiched between surrounding beds of nonexpansive to moderately expansive silty claystone. Because high-swell beds such as this tend to be relatively thin ͑generally less than 2 to 30 cm thick͒ and are oriented near vertical, severely localized differential movements commonly occur at the surface upon natural or imposed wetting and drying cycles. The associated heave features, which have been referred to as "speed bumps" by area residents, may attain sizes as large as 0.65 m high, several meters wide, and several hundreds of meters long ͑Noe 1997͒.
There is an established correlation between the occurrence of heave-related infrastructure damage and the presence of underlying steeply dipping bedrock. Fig. 2 , for example, is a map of the Colorado Front Range region extending from the city of Boulder at the northern boundary to Colorado Springs at the southern boundary. The areas highlighted west and southwest of Denver, south of Boulder, and west of Colorado Springs indicate regions where the occurrence of heave-related damage has been most pronounced. The majority of the damage has occurred within a narrow corridor extending about 1.6 to 4.8 km ͑1 to 3 miles͒ to the east of the Front Range and oriented roughly parallel to the strike of the mountain front. A survey conducted by Thompson ͑1992͒ showed that the percentage of damaged residences in areas underlain by steeply dipping strata could exceed that of those founded on the flat-lying strata farther to the East by up to 60%. The Colorado Geological Survey ͑CGS͒ has introduced the term "heaving bedrock" to describe the steeply dipping bedrock hazard and has designated and mapped specific districts in the region where problem-specific mitigation and land-use policies are rec- 
Mitigation by Overexcavation
Site exploration and mitigation practices based on traditional expansive soils models ͑e.g., widely spaced exploratory boreholes, assumed homogeneity in swelling potential͒ have proven to be relatively unsuccessful in Colorado where steeply dipping bedrock is encountered ͑Chen 1988; Thompson 1992͒. Consensus among practitioners in the region is that the most successful mitigation strategy involves large-scale overexcavation prior to construction, in which a deep cut is made to an elevation below the anticipated base of the foundation and partially refilled with onsite or imported materials under controlled moisture and compac- tion conditions. In most cases, overexcavation is performed for entire residential subdivisions or commercial plots as a large-scale coordinated effort.
Noe ͑1997͒ summarizes the advantages of overexcavation and replacement as follows: ͑1͒ Destruction of bedrock discontinuities; ͑2͒ reduction of any heaving of the excavation floor by the overlying fill material; ͑3͒ control of fill compaction and moisture by the project engineer; ͑4͒ a more exact knowledge of the substrate for design purposes; and ͑5͒ control of water-seepage rates by emplacing a horizontally rather than vertically bedded substrate. The additional cost of the overexcavation may be recouped in many cases because shallow, footing type foundations or slabon-grade floors may be placed on the remolded fill instead of more expensive drilled pier or structural floors that may be required if the problematic in situ materials were left intact.
Planning and zoning resolutions in the critical areas defined by the CGS have been specifically written to address the steeply dipping bedrock hazard by requiring detailed grading plans showing natural overburden or engineered fill at least 10 ft ͑3.05 m͒ thick beneath the anticipated base of the foundation and the top of bedrock ͑Jefferson County Zoning Resolution 1997͒. When onsite materials are used as engineered fill, two practical questions arise regarding the effectiveness of the overexcavation operation:
͑1͒ How much shale needs to be overexcavated in order to obtain the desired engineering properties?, and ͑2͒ What are the anticipated engineering properties of the remolded and compacted fill? The investigation presented here has been conducted to address these two issues.
Materials and Methods
Disturbed samples were obtained from two adjacent strata within a steeply dipping exposure of Pierre Shale located southwest of Golden ͓see sampling location on Fig. 2͔ . A photograph of the sampling site is provided as Fig. 3 , which shows a series of discrete, steeply dipping bedrock strata overlain by about 40-100 cm of alluvium at the ground surface. The bedrock strata dip to the east-southeast at angles ranging from about 25 to 40°from horizontal. Two distinct bedrock end members may be differentiated, including an olive-gray silty claystone shale occurring as highly fractured relatively thick strata, and a waxy marbled bentonite occurring as several thin seams ͑4-10 cm͒ sandwiched among the thicker claystone layers.
Several tens of kilograms of each material were retrieved, returned to the laboratory, air dried, and crushed to pass a No. 10 ͑2 mm͒ sieve. The natural gravimetric water content of the claystone and bentonite at the time of sampling were 5.2 and 15.3%, respectively. Mixtures of the claystone and bentonite fragments were prepared using a food mixer in various mass-controlled ratios with bentonite mass fraction, m b , ranging from 0.0 to 1.0 ͑i.e., m b = 0 corresponds to 100% claystone and 0% bentonite by ovendry mass; m b = 1.0 corresponds to 0% claystone and 100% bentonite by oven-dry mass͒. The overlying alluvial deposit noted in the field was considered negligible with respect to the depth and extent of the underlying bedrock and was not included as a third end member in the mixtures. Table 1 summarizes specimens prepared for testing and results obtained from the experimental program described subsequently.
The end member bentonite and claystone were initially characterized for mineralogy by x-ray diffraction ͑XRD͒. Laboratory tests were then conducted to determine Atterberg limits ͑ASTM D4318͒ and standard-effort Proctor compaction characteristics ͑ASTM D698͒ for each end member and the various end member mixtures. Specimens were cured in air-tight containers prior to limits and compaction testing with tap water for at least 48 h. Subsamples were recovered from the compaction testing series using a thin-walled 5 cm diameter drive cylinder pushed into the center of the mold. These specimens were retained for measurements of total suction-water content relationships using thermocouple psychrometers and the noncontact filter paper technique and total suction-volume change relationships using the CLOD shrinkage testing technique. Salient results from each testing series were then plotted as functions of bentonite mass fraction, m b , in order to examine relationships among the engineering behavior of the various mixtures and the relative amounts of the end member materials comprising them. Fig. 4 indicate that the claystone end member ͓Fig. 4͑a͔͒ is comprised primarily of mixed layer illite/ smectite with trace amounts of kaolinite, quartz, calcite, feldspar, and gypsum. The thinner bentonite seams ͓Fig. 4͑b͔͒ are comprised primarily of discrete smectite with trace amounts of kaolinite and nonclay minerals. The predominant exchangeable cation for the smectite can be inferred from the location of the air-dried ͑001͒ peak at 6.0°2 ͑14.7 A°͒ to be calcium ͑Ca 2+ ͒ ͑Newman 1987͒. These findings are generally consistent with previous min- eralogical analyses conducted for bentonite and claystone specimens retrieved from similar strata of the Pierre Shale in the region ͑e.g., Schultz 1978; Gill et al. 1996͒ . Cation exchange capacities for neighboring bentonite and claystone strata were determined by Gill et al. ͑1996͒ to be 31.8 meq/ 100 g and 12.7 meq/ 100 g, respectively.
Results
Mineralogy
XRD traces shown in
Atterberg Limits
Fig. 5 shows measured Atterberg limits ͓liquid limit ͑LL͒, plasticity limit ͑PL͒, and plasticity index ͑PI͔͒ as functions of bentonite mass fraction for the end member specimens and mixed specimens. The LL and PL of the claystone end member ͑m b =0͒ are 44 and 23%, respectively. The LL and PL of the bentonite end member ͑m b =1͒ are 118 and 45%, respectively. Limits for the mixed specimens are summarized in Table 1 . The dashed lines in Fig. 5 denote best fits to the experimental data determined by linear regression. The solid lines denote linear interpolations from the end member claystone ͑m b =0͒ and bentonite ͑m b =1͒ points. Fig. 6 shows standard-effort compaction curves for the end member claystone and bentonite and the various mixed specimens. Optimum moisture content, w opt , and maximum dry density, ͑ d ͒ max , were estimated by manually fitting compaction curves to the measured data. These values are summarized in Table 1 . The dashed lines in Fig. 6 define the zero-air-voids curve and the 90% saturation curve for an assumed specific gravity, G s , of 2.70. Fig. 7 shows relationships between total suction and molding water content for compacted specimens of the end member bentonite and claystone. Data pairs for total suction values ranging from approximately 100 kPa ͑2 log kPa͒ to 1,000 kPa ͑3 log kPa͒ were measured for specimens recovered from the compaction molds described above using thermocouple psychrometer probes ͑Wescor PST-55; Logan, Utah͒. Measurements were made by sealing the specimens in small glass jars with the psychrometer probe suspended in the overlying head space. Psychrometers were individually calibrated prior to testing using NaCl and KCl solutions of known concentration. The additional data pairs in Fig. 7 for suctions approaching 100,000 kPa ͑5 log kPa͒ were measured for compacted specimens using the noncontact filter paper technique. Filter paper tests were performed following the general procedures described in ASTM D5298 using calibrated Whatman No. 42 papers. Combined, the psychrometer and filter paper data define soil-water characteristic curves ͑SWCC͒ corresponding to wetting paths.
Compaction Behavior
Total Suction-Water Content Relationships
As shown, both characteristic curves are interpreted as bilinear functions in semilog space with a change in slope occurring between about 3,000 kPa ͑Ϸ3.5 log kPa͒ and 10,000 kPa ͑4 log kPa͒. This transition has been previously observed for a wide range of soil types by McQueen and Miller ͑1974͒, who suggested that the change in slope marks transition from a "tightly adsorbed" water content regime at relatively low values to an "adsorbed film" water content regime at relatively high values. The change in slope was interpreted more specifically for expansive clays by Likos ͑2000͒ as evidence of transition from an adsorption regime dominated by crystalline swelling mechanisms occurring on the subparticle scale at relatively low water content to an adsorption regime dominated by surface hydration, osmotic, and capillary retention mechanisms occurring on the particle and particle-group scale at relatively high water content. Both SWCCs fall within the range of suction approaching the residual water content at high suction values and the air entry pressure at low suction values. Fig. 8 shows the relatively high water content portions of characteristic curves for the bentonite and claystone end members and four of the end member mixtures. The trendlines drawn through these data points define the slopes ͑⌬ t / ⌬w͒ of the high water content portions of the bilinear characteristic curves noted above, where t is in logarithmic scale. Similar curves for the additional end member mixtures are not included in Fig. 8 for clarity, but are summarized in the subsequent discussion section.
Total Suction-Volume Change Relationships
Total suction-volume change relationships were determined using the CLOD shrinkage testing technique. This technique, which has been described by Brasher et al. ͑1966͒; Perko et al. ͑2000͒; Nelson and Miller ͑1992͒; and Krosley et al. ͑2003͒, involves coating specimens in a flexible saran resin that is permeable to water vapor but impermeable to liquid water. Unconfined specimens are allowed to shrink by letting pore water evaporate through the resin into the laboratory atmosphere. Corresponding volumetric strain and gravimetric water content are determined at select increments during the drying process by measuring the mass of the specimen submerged in water and air, respectively. Results are plotted in the form of characteristic relationships between volumetric strain ͑or void ratio͒ and gravimetric water content. Water content values may be converted to corresponding suction values if the SWCC and suction history for the material are known.
Bentonite and claystone subspecimens retrieved from the compaction testing series were tested using the CLOD technique along shrinkage paths progressing from an initial condition at the molding water content ͑w i ͒ to a final condition at the air-dry or, in some cases, oven-dry ͑50°C͒ water content. Figs. 9͑a and b͒, for example, show relationships between void ratio and water content for the end member claystone and bentonite, respectively. Duplicate trials were tested for each initial water content condition in the majority of cases. Shrinkage curves similar to those shown in Fig. 9 were also obtained for the various bentonite/claystone mixtures; Results from these tests are summarized in the subsequent discussion section.
Discussion and Quantification
Linearity in Atterberg Limits
Previous studies on the index properties of swelling claynonswelling clay-mixtures ͑e.g., Polidori 2003͒ and clay-sand or clay-clay mixtures ͑e.g., Seed et al. 1964; Nagaraj et al. 1987͒ have shown that the Atterberg limits of such mixtures are proportional to the mass percentage of the end member materials comprising them. In the absence of physicochemical interactions ͑e.g., excess salts͒, this proportionality has generally been shown to be linear.
Linear trends are indeed evident in the relationships between Atterberg limits and bentonite mass fraction for the bentonite/ claystone mixtures shown in Fig. 5 . Linear regressions for LL, PL, and PI ͑i.e., dashed lines͒ result in R 2 values of 0.9955, 0.8036, and 0.9868, respectively. If only the end member values are considered, the indices for the mixed specimens may also be reasonably well predicted by simple linear interpolation from these fixed points ͑i.e., solid lines͒. The plasticity index of mixed bentonite/claystone specimens ͑PI bc ͒, for example, may be written as a function of the end member plasticity indices and corresponding bentonite and claystone mass fractions as follows: for PI, PL, and LL, respectively. Average percent errors for PI, PL, and LL predictions are 5.9, 15.1, and 3.5%, respectively. Fig. 6 shows that the optimum moisture content and maximum dry density of the bentonite/claystone mixtures increase and decrease, respectively, with increasing bentonite fraction. Fig. 10 shows associated plots of optimum moisture content ͓Fig. 10͑a͔͒ and maximum dry density ͓Fig. 10͑b͔͒ as functions of bentonite mass fraction. The linear trends noted previously in the Atterberg limits results are also evident here. As such, equations in the same form as Eq. ͑1͒ could be applied for predicting the compaction characteristics of remolded fill at the site from the compaction behavior of the end member materials, that is:
Linearity in Compaction Behavior
and
Predictions using the above equations result in percent error no more than 5.6% for w opt and no more than 2.5% for
Average percent errors for w opt and ͑ d ͒ max predictions are 1.7 and 1.3%, respectively. It is also evident from Fig. 6 that the optimum moisture content for the compacted shale mixtures systematically occurs at or near the 90% saturation condition, regardless of bentonite content. Water content relative to the S = 90% condition, therefore, becomes a useful quality control measure for monitoring compaction operations for overexcavation programs conducted in the field.
Linearity in Swelling Potential
McKeen's ͑1992͒ suction-based swelling potential classification and heave prediction methodology was empirically derived from relationships measured among total suction, water content, and volume change. The methodology has been attracting increasing attention from practicing engineers in the Rocky Mountain region for its simplicity, practicality, and relative low cost. Applications of the methodology in the region include the development of an evaluation protocol for the repair of residences damaged by expansive soils ͑Thompson 1997͒, its use as a quantitative basis for airport pavement design ͑McKeen 1981, 1985͒, and a case history of swelling potential classification using suction testing ͑Thomp-son and McKeen 1995͒.
According to the methodology, a parameter referred to as the "total suction-water content index," or ⌬ t / ⌬w, is defined as the slope of the relationship between total suction and water content on a semilog plot at relatively high water content ͑e.g., the high water content portions of the bilinear curves shown in Fig. 7͒ . The trendlines shown in Fig. 8 , for example, define ⌬ t / ⌬w for the bentonite/claystone mixtures examined in this investigation. Swelling potential is qualitatively classified ͑e.g., low, high, very high͒ based on the magnitude of ⌬ t / ⌬w using Table 2 , where soils exhibiting greater ͑less negative͒ values of ⌬ t / ⌬w tend to adsorb more water for a given change in total suction, and are classified as having greater swelling potential.
The McKeen ͑1992͒ methodology also suggests that potential swell ͑heave͒ may be quantitatively predicted by treating the slope of the total suction-volume change relationship as a modulus referred to as the "suction compression index" or C h . Ideally, C h is determined in the laboratory for representative field speci- 10 . Optimum moisture content ͑a͒ and maximum dry density; ͑b͒ as functions of bentonite mass fraction mens from the relationship between volumetric strain and total suction obtained using shrinkage ͑e.g., CLOD͒ tests and the following equation.
where ⌬ v ϭchange in volumetric strain associated with the drying process from relatively low total suction to relatively high total suction, ⌬ t . The suction compression index may then be used in conjunction with empirical confinement and surcharge factors to predict vertical movements for a given soil layer under estimated changes in total suction. Typical ranges of suction compression indices are summarized in terms of McKeen's ͑1992͒ corresponding swelling potential categories on Table 2 . If shrinkage tests are not directly conducted, it has also been suggested that C h may be determined indirectly by correlation with ⌬ t / ⌬w using Eq. ͑5͒, which was suggested by McKeen ͑1992͒ based on a data set comprising soils primarily from Texas and New Mexico, or using Eq. ͑6͒, which was suggested by Perko et al. ͑2000͒ as an alternative based on a data set comprising soils specific to the Colorado Front Range Fig. 11 shows relationships between volumetric strain and total suction determined using CLOD tests for the bentonite end member ͑m b =1͒ examined in this study. Total suction values were computed from measured gravimetric water content values using the SWCCs determined previously along wetting paths ͑e.g., Figs. 7 and 8͒ by assuming that wetting-drying hysteresis is negligible. The four shrinkage paths in Fig. 11 correspond to the four initial ͑molding͒ water contents for compacted specimens retrieved from the Proctor compaction testing series. It can be observed that suction compression index, C h , ͑i.e., the slope of this relationship͒ is relatively insensitive to molding water content and, accordingly, to initial dry density. Specimens compacted dry of optimum ͑w i = 36.0% and w i = 36.9%͒ have essentially the same suction compression index for specimens compacted wet of optimum ͑w i = 42.3% and w i = 44.2%͒. The average compression index for the suite of pure bentonite specimens in Fig. 11 is C h = −0.21. Insensitivity of C h to molding water content was also apparent in results for the claystone end member and the various end member mixtures ͑Sharkey 2002͒.
For mixed bentonite/claystone specimens, C h was found to systematically decrease with increasing bentonite fraction ͑see Table 1͒ . The relatively high incidence of volume change for specimens with high bentonite mass fraction is also reflected by the relatively high plasticity indices and relatively high total suction-water content indices ͑⌬ t / ⌬w͒ observed.
Figs. 12͑a and b͒ show total suction-water content index and suction compression index, respectively, for the bentonite/ claystone mixtures as functions of bentonite mass fraction. These indices are also summarized in Table 1 . Suction compression indices reported in Fig. 12͑b͒ represent average values for multiple specimens compacted both wet and dry of optimum. The horizontal lines on the figures are included to separate the various swelling potential categories according to Table 2 . Fig. 13 shows the relationship between ⌬ t / ⌬w and C h for the bentonite/claystone Fig. 11 . Relationship between volumetric strain and total suction measured using the CLOD test for the bentonite end member ͑m b =1͒ compacted at four molding water contents ͓i.e., Eqs. ͑5͒ and ͑6͔͒. While both relationships successfully capture the general trend of the measured data, the disparity between measured and predicted values illustrates the limitations of the empirical estimation procedures.
As indicated in Fig. 12 , linear trends with bentonite mass fraction are evident in both of McKeen's ͑1992͒ swelling potential indices for the mixed specimens, thus allowing the following equations to be written:
Predictions using Eqs. ͑7͒ and ͑8͒ result in percent error no more than 11.9% for ⌬ t / ⌬w and no more than 7.7% for C h . Average percent errors for ⌬ t / ⌬w and C h predictions are 6.6 and 1.8%, respectively.
Practical Implications
The above findings may have important practical implications regarding the feasibility and design of overexcavation programs in steeply-dipping shale formations prevalent throughout the Rocky Mountain Front Range. Results suggest that Atterberg limits, compaction characteristics, and McKeen's suction-based swelling potential indices ͑⌬ t / ⌬w and C h ͒ for overexcavated fill may be reasonably predicted by linear interpolation from the measured properties and relative mass fractions of the bedrock end members comprising the fill. The reliability of the prediction depends on both the accuracy of measurements used to quantify the end-member behavior and the accuracy to which the end member fractions are estimated. At large-scale overexcavation sites, where the subsurface profile is typically exposed during preliminary trenching or grading operations, the latter may be reasonably estimated by manual observation and associated geological profiling ͑e.g., Fig. 3͒ .
If the engineering behavior of the end member materials is determined during the preliminary site investigation, then linear interpolation may be used to develop guidelines for making decisions regarding the depth and extent of overexcavation required to obtain the desired fill properties. For example, if the desired PI for remolded fill at the site considered in this study was PI= 30, then the required bentonite and claystone mass percentages according to Eq. ͑1͒ would be m b = 0.17 and m c = 0.83. If the bentonite strata at the site were estimated to be uniformly 10 cm thick, then corresponding specifications may be developed requiring that a minimum of 50 cm of claystone be excavated and remolded with each bentonite seam.
Refinements to the specifications may be made by considering more accurate volume-mass relationships for each stratum. If overexcavation is found to be ineffective in obtaining the desired engineering properties, then decisions regarding the importation off-site fill materials may be made based from a rational evidence-based perspective. Detailed site investigations to obtain reasonable estimations of end member fractions in the field, therefore, are recommended.
Summary and Conclusions
A laboratory experimental program has been conducted to examine the engineering behavior of overexcavated fill at steeply dipping expansive shale sites along the Front Range of the Colorado Rocky Mountains. Atterberg limits, Proctor compaction, suction, and volume change ͑shrinkage͒ tests were conducted for two bentonite and claystone end members commonly found at these sites and several mass-controlled mixtures prepared to represent the wide range of end member ratios expected in the region. The objective of the work has been to examine the extent to which the engineering properties of overexcavated fill at steeply dipping sites may be predicted from the properties and relative amounts of each end member comprising it. The following conclusions may be drawn from the effort. 1. Linear trends are evident in relationships between Atterberg limits ͑LL, PL, and PI͒ and bentonite mass fraction for the bentonite/claystone mixtures. This observation allows the limits of mixed specimens to be reasonably predicted by linear interpolation using the end member limits and relative mass fractions of the end members present in the mixture. Predictions using this approach results in average errors in PI, PL, and LL of 5.9, 15.1, and 3.5%, respectively. 2. Linear trends are evident in relationships between maximum dry density, optimum moisture content, and bentonite mass fraction for mixed specimens compacted using standard Proctor effort. Predicting w opt and ͑ d ͒ max for mixed specimens by linear interpolation results in an average percent error of 1.7% for w opt and 1.3% for ͑ d ͒ max . 3. Optimum moisture content for compacted bentonite/ claystone mixtures occurs at or near the 90% saturation condition regardless of bentonite mass fraction. Accordingly, the S = 90% condition becomes a useful quality control measure for assessing the effectiveness of compaction following the overexcavation operation. 4. Linear trends are evident in relationships between McKeen's ͑1992͒ total suction-water content index ͑⌬ t / ⌬w͒ and bentonite mass fraction and suction compression index ͑C h ͒ and bentonite mass fraction. Predicting ⌬ t / ⌬w and C h for mixed specimens by linear interpolation results in an average percent error of 6.6% for ⌬ t / ⌬w and 1.8% for C h . 5. McKeen's ͑1992͒ suction compression index C h for compacted bentonite/claystone specimens is shown to be insensitive to molding water content. 
